Phthalonitrile compounds with Si bridges were recently suggested for producing thermosetting polymer composites with reduced T g and thus expanded processing range. The detailed experimental investigation of this class of phthalonitriles is still difficult due to development time and costs limitations and the need to take into account the structural changes during the crosslinking. In this paper, we try to overcome these limitations using computer simulations. We performed full-atomistic molecular dynamics simulations of various phthalonitrile compounds to understand the influence of molecular structure on the bulk glass temperature T g . Two molecular properties affect T g of the resulting bulk compound: the size of the residue and the length of the Si bridge. The larger residues lead to higher T g s, while compounds with longer Si bridges have lower T g s. We have also studied relaxation mechanisms involved in the classification of the samples. Two different factors influence the relaxation mechanisms: energetic, which is provided by the rigidity of molecules, and entropic, connected with the available volume of the conformational space of the monomer. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Amorphous solids, or glasses, are distinguished from crystalline solids by their lack of long-range structural order. At the level of two-body structural correlations, there is no qualitative difference upon vitrifying between glassformers and supercooled liquids. Nonetheless, the dynamical properties of a glass are so much slower that they appear to take on the properties of a solid. Although substantial progress has been made in recent years to understand the role of intramolecular barriers, local structure, and time and length scales in glass-forming liquids, many questions still remain unanswered even for relatively easy model systems. [1] [2] [3] [4] [5] From the experimentalists' viewpoint, the main challenges are associated with determination of individual molecular coordinates. Only very recently it became possible to resolve individual atoms 6, 7 and only in the surface layer, the dynamics of which are generally not representative for the bulk material. This fact diminishes the attempt to determine the role of local structure in the glass transition phenomena for complex molecules. Molecular simulation resolves the lack of knowledge of the atomic coordinates. By its very nature, the coordinate of every constituent particle in the system is known at all times. However, simulations are always limited by computer power, and in the case of the glass transition this limitation is severe.
Atomistic molecular dynamics already showed itself as a powerful tool for studying of glass transition temperature, for any compound from simple glycerol-water mixture 8 to cross-linked epoxy networks. 9 Even about two decades ago, researchers simulated organic glass formers and were able to predict T g values, which were in agreement with experimental a) Electronic mail: vurdizm@gmail.com values with an accuracy of 10 K. 10 The typical style in most papers is to select one or two types of molecules and to describe the bulk properties around the glass transition point. At the same time, nowadays the industry starts to believe that computational material science could be a useful tool for developing new products and for decreasing development time and costs.
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In this study, we performed computational analysis of the broad range of complex organic liquids, namely phthalonitriles. We focused on phthalonitrile-containing lowmolecular compounds, which were recently suggested for producing modern thermosetting polymer composites, 12 and examined directly by atomistic simulation the correlation between monomer structure and macroscopic bulk properties. Industrial grade heat-resistant and mechanically strong materials are traditionally produced from thermosetting epoxy resins and other similar compounds, which are capable of maintaining high performance characteristics under influence of various destructive factors. However, most of the currently existing thermosets have limited heat resistance and began to decompose already at 200
• C. One of the common ways to obtain heat-resistant and durable polymer material is an irreversible crosslinking of thermosets based on more thermostable monomers (i.e., crosslinking of polyimides, modified phenolic resins, phthalonitriles). Polymer matrices for use at temperatures above 370
• C may be synthesized from phthalonitrile monomers. The usual phthalonitrile monomer consists of two phthalonitrile fragments which are linked by various aromatic rings. New synthetic approaches to the development of heat-resistant thermosets, including those based on phthalonitriles, were investigated experimentally for several decades and are currently well represented in literature. [12] [13] [14] [15] However, most of the synthesized phthalonitrile monomers have a high curing temperature and quite narrow and inconvenient processing temperature range. Recent experiments have shown that modification of phthalonitrile monomers with siloxane and phosphate bridges drastically reduces the resins' T g , and thus expands their processing window. 12, 15 However, the experimental investigation of this class of phthalonitriles is still difficult due to time and cost limitations, and the need of taking into account the dependence of the reactivity of monomers on their structure, as well as changes in molecular mobility during the reaction. Understanding of the influence of initial monomer structure and the way of crosslinking on the resulting composites T g may lead to the synthesis of materials with unique thermo-mechanical properties, with both enhanced stiffness and toughness and thermal stability at extreme temperatures.
While there are probably hundreds of papers about molecular dynamics estimation of T g , below we mention several notable studies which are most relevant to our case. In Ref. 16 , molecular dynamics comparison of the melting points and glass transition temperatures for two closely related saccharides (namely, myo-and neo-inositol) was performed. These two isomers differ in only one aspect of molecular configuration: myo-inositol has only one hydroxyl group in an axial position whereas neo-inositol has two groups. This paper demonstrates that even a small change in molecular structure leads to a substantial increase in a melting point, the observed MD difference was determined to be equal 25 K, while it reaches 90 K in lab experiments. In Ref. 17 , computer simulations of organic glass former ortho-terphenyl in bulk and freestanding films were performed to provide molecular insight into the confinement effect. The torsional angle distribution of the two side phenyl rings with the central phenyl ring was computed and the potential energy was compared with the values found from experimental and theoretical calculations. It was found that individual rings reorient faster in comparison with the whole molecule at higher temperatures whereas at lower temperatures the molecules relax as a whole. Qualitatively authors conclude that the glass transition temperature in a freestanding film is reduced.
Jiang et al. 18 investigated the influence of the free organic groups on the carbon nanotubes (CNT) surface on the glass transition temperature of the epoxy/CNT composites. The T g was strongly affected by embedded CNTs and free organic groups in the CNTs. The T g of the CNTs/epoxy composites increased with embedding of CNTs. However, T g s of the composites decreased with the embedded CNTs functionalized by -OH or -COOH groups, and the more volumetric -COOH groups caused a greater decrease in the T g . The authors explain that by the increase of the interspace between the OH-CNTs or COOH-CNTs and the epoxy matrix. Thus, there was more free volume for the epoxy chain segments to change their positions, even at a relative low temperature, inducing a lower T g .
Recently, Odinokov et al. 19 studied a molecular liquid consisting of dicarbazolylbiphenyl molecules near the glass transition temperature by molecular dynamics simulations. In order to analyze relaxation dynamics, the obtained trajectories were re-mapped to represent a model system of oriented pointlike particles corresponding to individual molecules. Using this approach, authors computed the dynamical susceptibility and the corresponding relaxation times. Incorporation of orientational effects into the density correlation made it possible to compute the dynamical susceptibility. It should be noted, however, that this model imposes severe restrictions on the type of the molecules under consideration. In many cases, complex organic molecules have rather tricky shape and undergo major conformational changes. In this situation, some intramolecular degrees of freedom must be included in the model.
In this paper, we overcome these restrictions by analysing the relaxation of intermolecular vectors of complex phthalonitrile monomers. In our recent paper, 15 we have predicted T g for a series of low-melting phthalonitrile bulk samples, including ones which are not synthesized yet. These estimations of T g were in good agreement with experimental results in terms of the correct relative T g position and similar overestimation values for all samples. In this paper, we perform more systematic study of a set of phthalonitrile monomers. We setup isothermal-isobaric (NPT) molecular dynamics simulation of bulk samples of phthalonitrile monomers with siloxane bridges, and discuss in more detail the local structural (glass transition temperature) and dynamical properties (local monomer dynamics) during glass transition. We examine the influence of the length of the link between Si atom and the surrounding phenyl rings, as well as of the volume of residues on Si atom, on the glass transition temperature. Thus, the general aim of this study is to find the systematic route to suitable and easy-processed phthalonitrile monomers for the future high performance matrices.
II. MODELS AND METHODS
We have analysed bulk properties of nine phthalonitrile melts of monomers, shown in Fig. 1 . These monomers vary by the type and the size of residues in the central part (R 1 , R 2 ) as well as by the length of the bridge linking central part of the molecule with phenyl groups.
A. Molecular dynamics simulations
The fully-atomistic molecular-dynamics simulations were carried out using GROMACS 20, 21 package to predict glass transition temperature T g of various phthalonitrile bulks. In this section, we briefly describe the model and methods used in our simulations.
Previously, 15 we have studied systems of various sizes and at various cooling rates. It was shown that systems of 160 monomers are large enough to give consistent results on T g . We use the same system size in this paper. The initial topology and conformation of the phthalonitrile monomers were created using BIOVIA Materials Studio. 22 The corresponding bulks were further prepared implementing the multiscale methodology of Komarov et al. 23 and Gavrilov et al. 24 The resulting bulks at normal atmospheric pressure p = 1 atm and T = 600 K have dimensions from 5.2 × 5.2 × 5.2 nm 3 to 5.9 × 5.9 × 5.9 nm 3 , depending on the monomer. Periodic boundary conditions were used in all three directions. The pcff 25 force field was used to describe interatomic interactions. The same methodology and force field were used in the recent papers for the simulation of polyisoprene- silica composites 26, 27 and phthalonitrile bulks. 15 Equilibration and production MD runs were carried out in NPT ensemble at the pressure of p = 1 atm using GROMACS simulation package. All the non-bonded atoms in the systems interact through a truncated Lennard-Jones (LJ) 9-6 potential with a 1 nm cutoff. The bonded interactions are described with the angle bending, torsion interactions, and improper dihedral potentials. The bond lengths are constrained with LINCS algorithm. 21 The charged atoms interact through a Coulomb potential. The temperature and pressure were fixed by using Berendsen thermostat and Berendsen barostat, respectively. All other simulation parameters and algorithms of calculation were kept the same as in the recent papers. 15, 26 The trajectory was saved every 2 ps. The systems were equilibrated, first, for 20 ns at T = 600 K, then for 20 ns at T = 400 K, and finally, for 30 ns at T = 600 K.
For the calculation of glass transition temperature, the equilibrated systems were gradually cooled down from T = 600 K to T = 100 K at cooling velocity of 5 K/ns, which allowed to keep statistical error of T g estimation under ±10 K for these systems. 15 For the segmental dynamics analysis at each intermediate temperature, the production MD runs were also performed for 10 ns.
B. Estimation of glass transition temperature
Glass transition temperatures T g were estimated from the density-temperature plots. To exclude subjective factor in estimations, we used the following algorithm in analysis. For each plot, the rough position of glass transition was chosen, effectively dividing all data into two datasets: below and above T g . Then each dataset was filtered to maximize R 2 of linear approximation, with the condition of minimum 4 points in each dataset. The datasets with maximum R 2 were used for linear estimations of ρ(T). T g point was then defined as the intersection of these two lines. Error S(T g ) was estimated which is based on errors for line parameters obtained in least squares method.
C. Estimation of relaxation times
Monomer segmental dynamics were analysed by calculating autocorrelation functions of relaxation of monomer vectors 2-1, 2-4 and angle 2-3-4 ( Fig. 2) , characterizing the monomer internal degrees of freedom. The geometrical points 1, 2, 4, and 5 were measured as the centres of corresponding phenyl groups, while point 3 as the centre of the Si atom. The following autocorrelation functions were calculated:
for the directions u = {2-1, 2-4},
where γ is the angle 2-3-4 andγ(T) is an average value of angle 2-3-4 at current temperature T. P γ 2 (t) has been also normalized. In order to extract corresponding orientational relaxation times, these autocorrelation functions were fitted with the Kohlraush-Williams-Watts (KWW) function 28 
, where τ is the characteristic relaxation time, β is the stretching exponent which represents the non-exponential character of the relaxation. 
III. RESULTS AND DISCUSSION

A. Glass transition
Our simulations clearly showed the well-defined glass transition for all considered compounds. The obtained temperature-density curves for all simulated systems are presented in Fig. 3 . The resulting T g s are shown in Table I together with the experimental data for 1a, 2b, 2c, and 2d samples obtained in Refs. 12 and 15. As it is usually observed in MD simulations, there is an overestimation of T g value by 20 ± 3 K in our case. This overestimation comes mostly from the small size of the system and fast cooling rate, which is limited by computing facilities (even in the case of using supercomputer). Nevertheless, the correct relative T g position and similar overestimation values for all samples indicate that our calculated T g values are reasonable and can be used to study the mechanisms of glass transition.
It follows from the numbers, that the glass transition temperatures in this set of monomers are determined by two factors. First, the larger the residues on the Si atom, the higher T g . Obviously, larger residues (like phenyl or naphthalene) hinder molecular relaxation due to more dense packing of the molecule. Second, the longer the linker connecting the Si atom and the surrounding phenol rings, the lower T g . The longer linker increases the flexibility of the molecule, making its relaxation easier and faster, which shifts glass transition. To show both tendencies at once, we plotted T g values on the 2D plot (Fig. 4) . Here one axis represents the total residue volume, and second axis is the linker length. Volume of each residue was defined as intersection of van der Waals radii-spheres and calculated with an accuracy of ±5 Å 3 . Linker length was defined as the number of chemical bonds from the Si atom to phenyl circle, which is two for monomers 1a-c, three for monomers 2a-e, and four for monomer 3. The resulting plot shows steady trends in both axes: small and flexible monomers have the lower T g s, while compounds with shorter linker and larger residues have the higher T g s.
B. Relaxation mechanisms
We started to investigate the relaxation mechanisms in our systems with the analysis of the phthalonitrile bulks in the liquid state at T > T g . As shown in Refs. 29 and 30, glassforming liquids can be divided into "strong" and "fragile" using Angell plot technique. "Strong" liquids like SiO 2 have almost linear (i.e., Arrhenius) behavior, while "fragile" ones (like toluene) display substantial non-linearity .   FIG. 4 . Dependence of the simulated T g on the residue volume and the linker length, constructed from the data for nine phthalonitrile monomers. The corresponding plot of the relaxation time τ(234) versus T g /T is shown in Fig. 5 . The temperature dependencies lying deeply below ideal strong liquid (dashed line in Fig. 5 ) indicate that all simulated systems belong to the "fragile" liquids. Thus the relaxation mechanisms which are responsible for the glass transition are mostly of intermolecular nature. Moreover, there is almost no difference or some well-defined trends in these curves. This is why we perform more comprehensive analysis of the segmental relaxation behavior connected with the internal degrees of freedom. For both compounds of series 1 and 2 (short and medium linker correspondingly), relaxation time gradually increases with enlargement of residue volume at all T > T g . Figs. 6(a) and 6(b) show temperature dependencies of the relaxation time for the angle 2-3-4. Relaxation times of the vectors 2-1 and 2-4 have very similar behaviour and thus are not shown here. This data are in agreement with observations of Section III A. However, Figs. 6(c) and 6(d) indicate nonuniform changes in temperature dependencies of relaxation times τ of the angle 2-3-4 and the vector 2-1 for compounds with various linker lengths. The vertical blue arrows on these plots show the crossings of the curve for compound 3 curve with data for compounds 1b and 2c. These intersections of relaxation time curves refer to different relaxation mechanisms at various temperatures above T g for these monomers (or at least for some of them).
Compound 1b with the shortest linker has the smallest relaxation time at 600 K, but with reduction of temperature it increases more rapidly in comparison with compounds 2c and 3. Presumably, it can be explained by two different factors influencing the relaxation mechanisms: energetic (i) and entropic (ii). The first is provided by the rigidity of the molecules, the increase of which leads to slower relaxation rates and higher T g . The growth of relaxation time with increase of volume of the residues indicates the presence of this factor. Clearly, the linker length also can be considered as a rigidity factor, as the longer linkers with CH 2 groups allow more freedom to the intermolecular transformations. At temperatures slightly above T g , it makes perfect sense: bulks of monomers with longer linker have lower relaxation times at T in the range of 300-350 K. However, at higher temperatures, short linker molecules show steeper reduction in relaxation time with increasing temperature. This tendency is not observed for the molecules with the same linker and various residues. Thus, there is a second factor with an effect opposite to the effect of the first one. We suppose that the second factor has the entropic nature and is connected to the available volume of molecular conformational space. At low temperatures, the conformational space is confined and the relaxation time, which is determined by the time needed to observe the conformational space, is small. Simultaneously, at higher temperatures, the relaxation times increase because of more complex conformational space these monomers belong to. Some estimation of the available conformation space could be done while analyzing the probability distribution of the angle 2-3-4 presented in Fig. 7 : the smaller the linker length the more narrow bell-curve we have. This is a typical behavior for polymer-like molecules, where the chain entropy and corresponding free energy depends strongly on the chain length N. 31 However, at lower temperatures slower motion in conformational space is compensated by its shrinking, keeping relaxation time curves for systems 2c and 3 more flat than for system 1b.
IV. CONCLUSIONS
In this paper, glass transition T g of phthalonitrile bulks was studied by molecular dynamics simulations. It was shown that two molecular properties affected T g in the bulk state. The first is the size of residues. The larger residues lead to higher T g due to denser packing of the molecule. The second factor is Si bridge length. Longer bridges are more flexible, which increases overall flexibility of the molecule and lowers T g . Detailed analysis of intra-molecular relaxation indicated the presence of two relaxation mechanisms, called energyand entropy-driven relaxation. The energy-driven relaxation mechanism is provided by the rigidity of the molecule. The entropy-driven relaxation mechanism is connected to the available volume of the conformational space of the monomer. The correlation between these mechanisms and molecular properties of the monomers makes it possible to design the monomer with the desired relaxation properties as well as T g .
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